Congenital central hypoventilation syndrome (CCHS), a condition associated with mutations in the PHOX2B gene, is characterized by loss of breathing drive during sleep, insensitivity to CO 2 and O 2 , and multiple somatomotor, autonomic, neuropsychological, and ophthalmologic deficits, including impaired intrinsic and extrinsic eye muscle control. Brain structural studies show injury in peri-callosal regions and the corpus callosum (CC), which has the potential to affect functions disturbed in the syndrome; however, the extent of CC injury in CCHS is unclear. Diffusion tensor imaging (DTI)-based fiber tractography procedures display fiber directional information and allow quantification of fiber integrity. We performed DTI in 13 CCHS children (age, 18.2±4.7 years; 8 male) and 31 control (17.4±4.9 years; 18 male) subjects using a 3.0-Tesla magnetic resonance imaging scanner; CC fibers were assessed globally and regionally with tractography procedures, and fiber counts and densities compared between groups using analysis-of-covariance (covariates; age and sex). Global CC evaluation showed reduced fiber counts and densities in CCHS over control subjects (CCHS vs controls; fiber-counts, 4490±854 vs 5232±777, p<0.001; fiber-density, 10.0±1.5 vs 10.8±0.9 fibers/mm 2 , p<0.020), and regional examination revealed that these changes are localized to callosal axons projecting to prefrontal (217±47 vs 248±32, p<0.005), premotor (201±51 vs 241±47, p<0.012), parietal (179±64 vs 238±54, p<0.002), and occipital regions (363±46 vs 431±82, p<0.004). Corpus callosum fibers in CCHS are compromised in motor, cognitive, speech, and ophthalmologic regulatory areas. The mechanisms of fiber injury are unclear, but may result from hypoxia or perfusion deficits accompanying the syndrome, or from consequences of PHOX2B action.
INTRODUCTION
Congenital central hypoventilation syndrome (CCHS), a disorder associated with mutations in the PHOX2B gene (Dauger et al., 2003 , Stornetta et al., 2006 , Dubreuil et al., 2008 , Onimaru et al., 2008 , is characterized by reduced drive to breathe during sleep, impaired sensitivity to CO 2 and O 2 , and a range of autonomic, neuropsychological, cognitive, motor, and ophthalmologic deficits (Haddad et al., 1978 , Paton et al., 1989 , Goldberg and Ludwig, 1996 , American Thoracic Society, 1999 , Vanderlaan et al., 2004 , Ruof et al., 2008 . Brain structural studies in CCHS show gross white matter injury in multiple brain sites, including peri-callosal regions and the corpus callosum (CC) (Kumar et al., 2005 , Kumar et al., 2006 , Kumar et al., 2010 ; however, it is unclear whether localized CC fiber loss occurs, or whether the entire structure is compromised.
Injury either in cortical regions or their callosal fibers may contribute to deficits in the syndrome. The CC, the largest mass of white matter in the brain, projects fibers topographically between the hemispheres (de Lacoste et al., 1985, Hofer and Frahm, 2006) , with defined areas containing fibers that serve cognitive, motor, speech, and vision functions (Darian-Smith et al., 1979 , Moffat et al., 1998 , Flannery et al., 2004 , Caille et al., 2005 , Narberhaus et al., 2008 ; CCHS subjects show impaired functions in all of these modalities (Goldberg and Ludwig, 1996 , Vanderlaan et al., 2004 , Ruof et al., 2008 .
Assessment of microstructural changes within major fiber pathways requires techniques which can evaluate axons travelling in multiple directions. Non-invasive diffusion tensor imaging (DTI)-based fiber tractography procedures allow evaluation of individual fiber bundle integrity (Le Bihan et al., 2001 , Eluvathingal et al., 2007 ; the technique reconstructs three-dimensional white matter trajectories using diffusion-weighted data by assessing directions of maximum water diffusivity represented by ellipsoid tensors (Conturo et al., 1999 , Jones et al., 1999 , Mori et al., 1999 . Conventional magnetic resonance images or DTI indices possess no directional information, and thus, preclude detection of fiber pathways.
The purpose of this study was to examine global and regional fiber characteristics of the CC in CCHS and age-and sex-distributed control subjects. We hypothesized that CC fiber integrity is compromised in CCHS, reflected as diminished fiber counts and densities.
EXPERIMENTAL PROCEDURES Subjects
We studied 13 CCHS (mean age ± SD: 18.2 ± 4.7 years; age range: 7−23 years; body-massindex ± SD: 22.8 ± 6.1 kg/m 2 ; 8 male) and 31 control (17.4 ± 4.9 years; 7 −24 years; 21.8 ± 4.7 kg/m 2 ; 18 male) subjects. These CCHS and control subjects were used in one previously-published manuscript (Kumar et al., 2010) , dealing with other issues; that earlier manuscript described different types of tissue injury (axonal vs myelin injury) in widespread brain areas in CCHS over control subjects. The CCHS diagnosis was based on guidelines of the American Thoracic Society (American Thoracic Society, 1999) , and potential subjects were recruited through the CCHS family network (http://www.cchsnetwork.org). All CCHS subjects included in this study developed characteristics of the condition early in life. The range of respiratory impairments in CCHS varies from a need for continuous ventilatory support to support only during sleep; we included only those who required ventilatory support during sleep. Subjects with additional conditions that may contribute to brain injury, such as malnutrition (intestinal malabsorption or gut rotation issues), cardiovascular or neurological disorders, and Hirschsprung's disease, were also excluded.
All control subjects were in good health, without any history of neurological or other central nervous system-related disorders, and were recruited through advertisements at the university campus and neighbouring community. Control subjects with conditions inappropriate for a high-magnetic field environment, as indicated by the guidelines of the Institute for Magnetic Resonance Safety, Education, and Research (http://www.mrisafety.com/), were excluded from the study.
The study protocol was approved by the Institutional Review Board of the University of California at Los Angeles, and all subjects and their parents/guardians provided informed written consent/assent before the study. Personal identifiable information of all subjects was removed from the data evaluation records at completion of the analyses.
Magnetic resonance imaging
Brain studies of CCHS and control subjects were performed with a 3.0-Tesla magnetic resonance imaging scanner (Magnetom Tim-Trio; Siemens, Erlangen, Germany), using a receive-only 8-channel phased-array head-coil, and a whole-body transmitter coil. Foam pads were placed on both sides of the head to reduce head motion during scanning. Highresolution T1-weighted images were acquired using a magnetization prepared rapid acquisition gradient-echo pulse sequence (repetition-time = 2200 ms; echo-time = 2.34 ms; inversion time = 900 ms; flip angle = 9°; matrix size = 320×320; field-of-view = 230×230 mm; slice thickness = 0.9 mm; slices = 192). Proton-density and T2-weighted images were collected, covering the entire brain, using a dual-echo turbo spin-echo pulse sequence (repetition-time = 10,000 ms; echo-time 1, 2 = 12, 119 ms; flip angle = 130°; matrix size = 256×256; field-of-view = 230×230 mm; slice thickness = 3.5 mm; turbo factor = 5). Diffusion tensor imaging was performed using a single-shot echo-planar-imaging with a twice-refocused spin-echo pulse sequence (repetition-time = 10,000 ms; echo-time = 87 ms; flip angle = 90°; readout bandwidth = 1346 Hz/ pixel; matrix size = 128×128; field-of-view = 230×230 mm; slice thickness = 2.0 mm; no interslice-gap; diffusion gradient directions = 64; b = 0 and 700 s/mm 2 ). The generalized autocalibrating partially parallel acquisition parallel imaging technique, with an acceleration factor of two, was used for all brain scans.
Data processing
High-resolution T1-weighted, proton-density and T2-weighted images of CCHS and control subjects were visually examined to rule-out any subject with major anatomical defects, such as cysts, tumors, or any other mass lesions before data processing. Non-diffusion and diffusion-weighted images were also examined for any head motion-related or other imaging artifacts before data evaluation.
We used the Diffusion Toolkit (Version 0.5 ) and TrackVis (Version 0.5) (Wedeen et al., 2008) , MRIcroN (Rorden et al., 2007) , and MATLAB-based (The MathWorks Inc., Natick, MA) custom software for data evaluation.
Calculation of whole brain fiber tracks-The Diffusion Toolkit software was used to reconstruct DTI data and generate whole-brain fiber tracks. Diffusion tensors were calculated using the least-squares fitting method and eigenvalues, and eigenvectors were derived by standard procedures (Pierpaoli et al., 1996) . Whole-brain fiber tracking was performed with the fiber assignment by a continuous tracking algorithm (Mori et al., 1999) ; the procedure allows seeding of tracks from entire brain voxels (Conturo et al., 1999) . Instead of using a lower fractional anisotropy (FA) value, a whole-brain mask, derived from averaged diffusion-weighted images of individual subjects, with a minimum signal intensity was used to terminate fibers in non-brain regions in each subject. We used a 35° turning angle between the principal eigenvectors of neighboring voxels to terminate tracking of fibers.
Corpus callosum fiber evaluation-We used MRIcroN to outline global CC regions of interest (ROI) and TrackVis software to visualize brain fibers and perform ROI analyses. Global and regional CC fiber tracks were examined in individual CCHS and control subjects. Using MRIcroN, the midline was identified in FA maps, and the entire CC outlined in the sagittal view in a single slice for each subject; all clusters within the CC were included in global CC ROI with FA values ≥ 0.45 (Fig. 1A, red) . The global CC ROI was used to track fibers passing from the entire CC, and fiber tracks, with a minimum 10 mm fiber length, of individual subjects were counted. The fiber density of the global CC was calculated by fiber counts within the ROI area.
We used a mid-sagittal section of the CC to place ROIs. The CC was divided into six segments, prefrontal, premotor, sensorimotor, parietal, temporal, and occipital regions, using a suggested scheme of CC fiber organization across cortical brain regions Seltzer, 1986, Sullivan et al., 2006) . In each segment of the CC, a spherical ROI with a radius of 1.5 mm was placed in native space of FA maps for fiber tracking (Fig. 1B) , and fiber tracks of each ROI, with a minimum fiber length of 10 mm were counted.
Intra-and inter-tracker reliability and reproducibility
We established intra-and inter-tracker reliability for regional CC fiber evaluations; since global CC fiber evaluation was based on global CC ROI, derived from FA threshold, limiting chances for variability, inter-and intra-tracker reliabilities for global CC fiber tracking were not assessed. A principal investigator, who performed regional CC fiber tracking in all CCHS and control subjects, re-tracked fibers in 10 randomly-selected CCHS and control subjects. Another investigator also tracked fibers in the same subset of subjects with the same fiber tracking protocol. The mean fiber counts from repeated tracking of the primary and secondary investigators were calculated and compared with the initial findings of the primary investigator.
Statistical analyses
The Statistical Package for the Social Sciences (SPSS, V 18.0, Chicago, IL) software was used for statistical evaluation of the demographic data and fiber characteristics. Numerical demographic variables were assessed with an independent-samples t-test, and categorical values were evaluated with the Chi-square test. Global and regional CC fiber characteristics were evaluated with multivariate analysis of covariance, with age and sex included as covariates. Intra-and inter-tracker reliabilities were established with intraclass correlation (ICC) procedures. The mean fiber counts of different CC fiber bundles resulting from repeated time tracking with the primary investigator and with another investigator examining the same subject population were compared with paired t-tests for assessment of reproducibility. A p value less than 0.05 was considered statistically significant.
RESULTS

Demographics
No significant differences in age (p = 0.60), or body-mass-index (p = 0.58) appeared between the CCHS and control groups. Significant sex difference did not emerge between the groups (p = 0.83).
Corpus callosum fiber evaluation
The global CC fiber characteristics of CCHS and control subjects are summarized in Table  1 , and individual fiber counts and density values are displayed in scatter plots ( Fig. 2A, B) . A substantial reduction in global CC fibers is visually evident in sample images of a CCHS and age-and sex-matched control subject (Fig. 3) . The mean global fiber counts and densities were significantly reduced in CCHS compared to control subjects, controlling for age and sex (fiber counts, p = 0.001; fiber density, p = 0.02).
Regional CC fiber counts of CCHS and control subjects are summarized in Table 2 , and individual values are displayed in scatter plots (Fig. 4) . Multiple regions of CC showed reduced fiber counts in CCHS over control subjects, partitioning for age and sex, and these sites included regions within the CC that project to prefrontal, premotor, parietal, and occipital areas, compared to control subjects (prefrontal, p = 0.005; premotor, p = 0.012; parietal, p = 0.002; occipital, p = 0.004). A substantial regional reduction in CC fibers is visible in sample images from each group (Fig. 5) .
Intra-and inter-tracker reliability and reproducibility
To determine intra-and inter-tracker reliability, a subset of 10 subjects was used, 3 were CCHS, and 7 were control subjects. Intra-tracker (prefrontal, ICC = 0.86, p < 0. 
DISCUSSION Overview
Global CC fiber counts and densities in CCHS were significantly reduced over control subjects, controlling for age and sex. These diminished fibers were localized within the CC in areas that project to prefrontal, premotor, parietal, and occipital regions. This study focused on using tractography procedures to outline interhemispheric characteristics of CC fibers. Other structural studies, including voxel-based T2-relaxometry and radial and axial diffusivity DTI procedures in CCHS subjects, show wide-spread injury to both myelin and axons in caudal and rostral brain areas, as well as in multiple sites within the CC (Kumar et al., 2005 , Kumar et al., 2006 , Kumar et al., 2008 , Kumar et al., 2010 . The affected CC fibers serve multiple brain functions, including cognitive, motor, and vision regulation (Darian-Smith et al., 1979 , Flannery et al., 2004 , Caille et al., 2005 , Narberhaus et al., 2008 , and CCHS subjects show such functional abnormalities (Goldberg and Ludwig, 1996 , Vanderlaan et al., 2004 , Ruof et al., 2008 .
Reduced fiber counts: interpretation
In DTI-based fiber tractography procedures, fibers represent streamlines of voxels (series of connecting voxels) composing a particular fiber tract. The association between the streamlines of voxels and number of brain fibers has not been evaluated completely. The streamlines of voxels depend on the resolution of the DTI data and other parameters used in fiber assignment by continuous tracking algorithm-based fiber tracking procedures, including FA values and angular deflection thresholds for fiber termination. Since we used identical fiber tracking parameters, position, and size of the ROIs in CCHS and control subjects for regional CC evaluation, fiber counts of a specific site can be compared between groups, and any differences can be interpreted as loss of fiber integrity, resulting from microscopic white matter changes. Fiber counts are useful measures for evaluation of white matter injury in pediatric patients as are other DTI indices (Thomas et al., 2005) .
Corpus callosum fiber characteristics
A reduction in global CC fiber counts and densities in CCHS subjects was more apparent after controlling for age and sex. The CC is heterogeneous in microstructure (Lamantia and Rakic, 1990) , with areas containing both homotopically (symmetrical fiber connectivity between bilateral cortical areas) and heterotopically organized (asymmetrical fiber connectivity to functionally different cortical sites) fibers (de Lacoste et al., 1985, Pandya and Seltzer, 1986) . The anterior-to posterior-organization of cortical sites is retained in the CC, with fibers originating in anterior and posterior areas of the cortex crossing in anterior and posterior portions of the CC, respectively. The CC contains large diameter fibers, which principally mediate sensorimotor coordination, and small diameter fibers that assist maintenance of excitation and inhibition between the cerebral hemispheres (Aboitiz et al., 1992a , b, Yazgan et al., 1995 . Different cortical sites relay through different portions of the CC (Pandya and Seltzer, 1986) . The large number of regulatory actions served by the CC include motor, speech, and vision control (Darian-Smith et al., 1979 , Moffat et al., 1998 , Flannery et al., 2004 , Caille et al., 2005 , Narberhaus et al., 2008 , and involvement of the CC in cognitive regulation is well-known, based on patients with leukomalacia, children with an abnormal DS22q11.2 chromosome affecting callosal morphometry, callosal agenesis, as well as split-brain evidence (Gazzaniga and Smylie, 1984 , Davatzikos et al., 2003 , Badaruddin et al., 2007 , Machado et al., 2007 ). In the current study, the overall fiber projections in CCHS and control subjects were well within the published descriptions in adults (Hofer and Frahm, 2006) , although CCHS subjects showed reduced regional fibers. A reduction in global CC fibers may lead to inadequate recruitment of bilateral cortical sites, and introduce deficits in those associated functions.
Most CC subregions, including prefrontal, premotor, parietal, and occipital areas were affected; however, fibers serving the primary motor and temporal cortices were spared. In earlier studies, CCHS subjects showed injury in many areas, including prefrontal, premotor, parietal, and occipital cortices and surrounding fibers (Kumar et al., 2006 , Kumar et al., 2010 . The directional nature of fiber projections outlined here provides a more-complete description of fiber loss, and fiber injury in the CC subregion that projects to the occipital cortices shows extensive abnormality over earlier studies. Although seed points from previously-shown abnormal sites were not feasible due to technical limitations, we assessed CC areas in regions which normally project to those sites, and findings validate the earlier descriptions. The primary motor fibers of the pyramidal tract are relatively spared in CCHS (Kumar et al., 2008) , except for lateral portions of the crus cerebri. Typically, gross motor behaviors are less affected in CCHS. Other fiber tracks in CCHS subjects show extensive injury, including fibers of the fornix (Kumar et al., 2009 ) and cerebellar-pontine fibers, based on preliminary observations.
Cognitive deficits and prefrontal fibers
Prefrontal CC fibers connect the left and right prefrontal cortices; the cortical region in one hemisphere serves to activate/suppress the analogous cortical area in the opposite hemisphere through these fibers (Hynd et al., 1995 , Dorion et al., 2000 . Damaged fibers would compromise interhemispheric communication between cortical sites, impairing sitespecific functions.
The prefrontal cortex (PFC) serves multiple cognitive and executive actions, including working memory, behavioral inhibition, attention processing, and future planning (Barbey et al., 2009 , Kadota et al., 2009 , Prakash et al., 2009 , Takahama et al., 2010 . The site interconnects with a network which projects to, and receives projections from, cortical sensory, sub-cortical areas, and motor regions, including the caudate nuclei and putamen (Lehericy et al., 2004) . Different types of cognitive processing are mediated across distinct sites of the PFC. The dorsomedial and lateral PFC, which receive auditory, visual, and somatosensory signals from temporal, occipital, and parietal areas, are linked with sensory and working or transient memory processing (Funahashi et al., 1989, Miller and Cohen, 2001 ). The medial PFC, which interacts with multiple limbic structures, is critical for cardiovascular control (King et al., 1999) , memory, behavioral inhibition, and internal state processing, including motivation and affect (Miller and Cohen, 2001 ). The ventrolateral PFC regulates perceptual face and visual object stimuli processing, integrates mnemonic information from limbic structures, and maintains directed attention (Wilson et al., 1993 , O Scalaidhe et al., 1997 , Petrides, 2002 . The dorsolateral PFC is associated with motor system structures, including supplementary and pre-supplementary motor areas, cerebellum, cingulate, and the superior colliculus (Miller and Cohen, 2001) , and is implicated in reflexive behaviors and multiple working memory tasks (Pierrot-Deseilligny et al., 2003) . Most of these sites, including the dorsomedial, medial, lateral, and ventrolateral PFC cortices, showed injuries in previous studies (Kumar et al., 2005 , Kumar et al., 2006 , Kumar et al., 2010 , as well as fiber injury projecting to the sites described here.
CCHS subjects show several neuropsychological and developmental abnormalities that include cognitive, learning, and IQ deficits (Vanderlaan et al., 2004 , Zelko et al., 2010 . CCHS subjects show overall reduced mean group IQ values, but these values are exceptionally variable within ranges of the general population (Zelko et al., 2010) . The cognitive issues in CCHS appear in working memory and attention, as well as social interaction (Vanderlaan et al., 2004 , Ruof et al., 2008 ; these cognitive, as well as IQ deficits may partially develop from abnormalities of neuro-modulatory systems of the PFC. A prominent deficiency in CCHS is severely impaired autonomic regulation, manifested especially in cardiovascular control; part of such regulation stems from the medial PFC (King et al., 1999) .
Motor and autonomic deficits and premotor fibers
CCHS subjects showed reduced premotor CC fibers, which are involved in motor coordination. Lesions in the CC interconnecting premotor and supplementary motor areas impair motor coordination, including bimanual coordination (Caille et al., 2005) . Significant deficits in rhythm reproduction appear with injury in lateral or medial premotor cortex (Halsband et al., 1993) , regions which interact with premotor fibers. Portions of the premotor areas include the "frontal eye fields," which modify eye movements (Flannery et al., 2004) . Stimulation of the cortical field on one side elicits conjugate eye movements directed to the other side (Flannery et al., 2004) . Although detailed motor deficits in CCHS are not well described, subjects show both motor and speech developmental delays in addition to sleep-related suppression of respiratory motor action, and significant motor and eye coordination deficits (Goldberg and Ludwig, 1996, Vanderlaan et al., 2004) .
As with the medial PFC, the loss of CC fibers which carry information from the insular cortices (Pandya and Seltzer, 1986 ) may interfere with autonomic regulation, heavily affected in CCHS (Woo et al., 1992 , American Thoracic Society, 1999 . The loss of fibers serving the insular cortices is especially important for both the parasympathetic and sympathetic components of the autonomic nervous system, since sympathetic regulation is preferentially mediated on the right and parasympathetic on the left insular cortex (Oppenheimer et al., 1992) . Both insular cortices interact to maintain autonomic and cardiovascular stability. The propensity for sudden death in CCHS (Gronli et al., 2008 ) may stem from exaggerated or uncontrolled sympathetic output, unbalanced by parasympathetic action from ineffective fiber interactions.
Visuomotor coordination irregularities and parietal fibers
Corpus callosum fibers that project to parietal areas are significantly reduced in CCHS, compared to control subjects. Parietal areas contain sensory and motor cells, send and receive signals from frontal and supplementary motor areas (Fang et al., 2005) , and are implicated in visuo-motor behavior and internal perception of oneself (Battaglia-Mayer et al., 2001 , Breveglieri et al., 2006 , Bakola et al., 2010 . Patients with parietal injury show deficits in visual orientation, judgment of size and distance, localization of objects, manual reaching, and voluntary eye movements (Holmes, 1918) ; microelectrode studies show visual and somatic convergence in these areas (Hyvarinen et al., 1974) . A principal complaint of CCHS subjects is the presence of visuo-motor coordination abnormalities (Goldberg and Ludwig, 1996) ; some of the deficits may result from the loss of fibers interconnecting the parietal cortices found here.
Ophthalmologic issues and occipital fibers
Corpus callosum fibers between the two occipital cortices are significantly reduced in CCHS subjects. The parieto-occipital region shows localized periventricular necrosis along with diffuse white matter gliosis in a case report of CCHS histopathology (Tomycz et al., 2010) . The occipital portion of the corpus callosum projects to posterior visual areas, including the occipital and posterior parietal cortices, in a homotopic and heterotopic fashion (Putnam et al., 2009) . These fibers are implicated in visual perception, as well as visual motor control for both intrinsic (parasympathetic fibers altering lens thickness for focusing, and sympathetic fibers regulating pupillary diameter), as well as extrinsic eye muscles (i.e., those used for eye movements). Asymmetric pupillary dilation is common in CCHS, as are complications related to eye movement; the majority of CCHS subjects show difficulties with reading, a complex visual task that incorporates complex eye scanning and movements, contrast and color perception, and eye focusing skills (Goldberg and Ludwig, 1996, Vanderlaan et al., 2004) . Transfer of eye movement information between hemispheres, coordination of afferent and somatomotor information to autonomic outflow for focusing and adjustment to light levels, and compensation for depth perception are likely compromised in CCHS through the CC injury here, and manifested by a high incidence of strabismus and convergence insufficiency (Goldberg and Ludwig, 1996, Vanderlaan et al., 2004) .
Potential mechanisms of fiber injury
Corpus callosum fiber injury may result from secondary effects of maldevelopment of cortical sites that give rise to CC fibers. Isolated areas of Phox2b expression in glia and fibers appear within cortical regions of mouse, and Phox2b heavily targets the locus coeruleus, source of adrenergic fibers to multiple cortical and other forebrain sites (http://www.gensat.org/index.html; http://developingmouse.brain-map.org/). It is unclear whether human PHOX2B effects are similarly distributed, but the locus coeruleus is heavily affected in isolated human cases (Tomycz et al., 2010) , and shows structural injury in grouped CCHS data (Kumar et al., 2006 (Kumar et al., , 2008 , as do pontine raphé regions responsible for serotonergic innervation over the neuraxis. Changes in both serotonergic and adrenergic innervation of cortical areas have the potential to exert significant cortical developmental consequences, with possible fiber loss. Similarly, fiber maldevelopment within the CC itself may result from mutation effects on fibers or on glia contributing to neuronal and fiber integrity. No Phox2b expression appears in the CC on any of the available murine atlases of Phox2b, suggesting that injury results from secondary effects of cortical neurons, from multiple hypoxic episodes accompanying CCHS, or from elevated carbon dioxide effects on glia.
Limitations
Several limitations should be considered in this study. Regional CC fiber characteristics were evaluated with manually-drawn ROI in individual subjects. Although special attention was paid to define ROIs in the same location of each CC segment in individual subjects, a possibility for slight variations in ROI location emerged. These findings should be considered to be accurate only within 2-3 millimeters.
Fiber tracking could have influenced separations of different fiber populations within a voxel ("kiss" or "cross" fibers); high-angular-resolution-diffusion-imaging DTI procedures may overcome this problem, as opposed to routine DTI techniques (Ozarslan and Mareci, 2003 , Hess et al., 2006 , Wahl et al., 2010 . The procedures for high-angular-resolutiondiffusion-imaging data require more diffusion directions, along with high diffusionweighting (high b value). Although we had available 64 diffusion directions, which overcame this issue to some extent, scanner limitations restricted the potential to achieve higher diffusion-weighting.
CONCLUSIONS
Global CC fibers are reduced in CCHS compared to control subjects. Regional reductions of fibers appeared in areas of the CC that serve interhemispheric communication for prefrontal, premotor, parietal, and occipital cortex, which are implicated in motor, speech, cognition, and ophthalmologic regulation; aspects of visuomotor and intrinsic eye control, as well as planning are especially affected in CCHS. The primary motor and temporal CC fibers are relatively spared in the condition. The pathological mechanisms of CC fiber damage are unclear, but may result from developmental issues related to PHOX2B expression, or may be secondary to hypoxia and perfusion issues from hypoventilation in the condition. Global CC fiber counts (A) and density values (B) from individual control (Δ) and CCHS (O) subjects. Both fiber counts and density values are significantly reduced in CCHS compared to control subjects, controlling for age and sex. Global CC fiber tracks and density in a CCHS and control subject. The upper panel shows left-side global CC fibers in a sagittal view (A), right-side fibers in sagittal view (B), and overall axial view of CC fibers, with (C) fractional anisotropy (FA) map in a CCHS subject (age, 22.6 years; female). The lower panel displays global left (E) and right-side (F) CC fibers in sagittal views, and overall view of those fibers with (G) background FA map in a control subject (age, 22.4 years; female). For better visualization of these fibers, images without background FA maps are displayed in the upper (D) and lower (H) panels. Overall, the CCHS subject showed reduced numbers and density of CC fibers relative to the control subject (CCHS vs. Control; fibers, 3990 vs. 4358; fiber density, 9.5 vs. 11.4 per mm 2 ). (L = Left; R = Right) Regional CC fiber count values from individual control (Δ) and CCHS (O) subjects. The CC sites that project to prefrontal, premotor, parietal, and occipital areas show reduced fiber counts in CCHS over control subjects, accounting for age and sex. Regional CC fiber tracks in a CCHS and control subject. The top panel shows left (A) and right-side (B) regional CC fibers that pass through a defined ROI in sagittal views, an overall view of fibers from the top in axial section (C) with a background fractional anisotropy (FA) map in a CCHS subject (age, 18.5 years; female). The lower panel shows left (E) and right-side (F) regional fibers in sagittal views, an overall view from above in axial section (G) with a background FA map in a control subject (age, 18.4 years; female). Images without background FA maps are also shown in upper (D) and lower (H) panels for better visualization of fibers. The CC regions that interconnect prefrontal, premotor, parietal, and occipital areas show reduced fibers in CCHS compared to the control subject (CCHS vs. control; prefrontal, 188 vs. 259; premotor, 166 vs. 251; parietal, 64 vs. 211; occipital, 374 vs. 437) . (L = Left; R = Right) Table 1 Global CC fiber characteristics of CCHS and control subjects.
PFC
Pre frontal cortex
Parameters CCHS (n = 13) (mean ± SD) [A] Controls (n = 31) (mean ± SD) [B] * p values [A] vs [B]
GCC ROI area (mm 2 ) 449.6 ± 67.3 485.3 ± 83.6 0.102
Fiber counts 4490 ± 854 5232 ± 777 0.001
Fiber density (fibers/mm 2 ) 10.0 ± 1.5 10.8 ± 0.9 0.020 SD = Standard deviation; GCC = Global corpus callosum * = p values derived from multivariate analysis of covariance, with age and sex included as covariates.
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Table 2
Regional CC fiber counts of CCHS and control subjects. Neuroscience. Author manuscript; available in PMC 2012 March 31.
CC segments CCHS (n =13) (mean ± SD) [A] Controls (n = 31) (mean ± SD) [B] * p values [A] vs [B]
